Hippocampal mossy fibers, which are the axons of dentate granule cells, form powerful excitatory synapses onto the proximal dendrites of CA3 pyramidal cells. It has long been known that high-affinity binding sites for kainate, a glutamate receptor agonist, are present on mossy fibers. Here we summarize recent experiments on the role of these presynaptic kainate receptors (KARs). Application of kainate has a direct effect on the amplitude of the extracellularly recorded fiber volley, with an enhancement by low concentrations and a depression by high concentrations. These effects are mediated by KARs, because they persist in the presence of the ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor-selective antagonist GYKI 53655, but are blocked by the ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid͞KAR antagonist 6-cyano-7-nitroquinoxaline-2,3-dione and the KAR antagonist SYM2081. The effects on the fiber volley are most likely caused by a depolarization of the fibers via the known ionotropic actions of KARs, because application of potassium mimics the effects. In addition to these effects on fiber excitability, low concentrations of kainate enhance transmitter release, whereas high concentrations depress transmitter release. Importantly, the synaptic release of glutamate from mossy fibers also activates these presynaptic KARs, causing an enhancement of the fiber volley and a facilitation of release that lasts for many seconds. This positive feedback contributes to the dramatic frequency facilitation that is characteristic of mossy fiber synapses. It will be interesting to determine how widespread facilitatory presynaptic KARs are at other synapses in the central nervous system.
W
ith the notable exception of ␥-aminobutyric acid type A (GABA A ) receptors and spinal presynaptic inhibition (1, 2) , ionotropic neurotransmitter receptors are generally believed to be located postsynaptically. Although virtually all synaptic terminals in the central nervous system express neurotransmitter receptors, these are of the metabotropic type (3, 4) . However, recent evidence suggests that presynaptic ionotropic receptors may be more widespread than previously thought (5) . In particular, a number of papers indicate that activation of the kainate subtype of glutamate receptor can depress the release of glutamate (6, 7) and GABA (8) (9) (10) . Although the exact location of these kainate receptors (KARs) and the mechanism by which they inhibit release is somewhat controversial, evidence for the existence of presynaptic KARs has been available for some time.
Here we review studies on the role of presynaptic KARs, focusing on hippocampal mossy fiber synapses where these receptors have been most thoroughly studied.
Early Studies on the Localization of KARs
In a curious historical twist that foreshadowed developments to come, one of the most important early studies suggesting the existence of KARs distinct from ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors (AMPARs) also demonstrated their axonal localization (11) . It was shown that application of the AMPAR͞KAR agonist kainate to isolated spinal dorsal root fibers selectively depressed the C-fiber component of the compound action potential and this was interpreted as a result of a depolarization of the C fibers. Importantly, AMPA had no effect in these experiments, clearly establishing that the action of kainate was independent of AMPARs. Autoradiographic studies also suggested the existence of a distinct class of KARs and their presence on axons. Monaghan and Cotman (12) demonstrated the presence of high-affinity kainate binding that was restricted to stratum lucidum in the hippocampus, the mossy fiber termination zone (Fig. 1) . Evidence that this binding was present on the mossy fibers was presented by Ben-Ari and colleagues (13) , who found that the selective destruction of CA3 pyramidal cells with kainate treatment had little immediate effect on the kainate binding, whereas colchicine-induced destruction of the granule cells, which give rise to the mossy fibers, led to a rapid loss of the binding (Fig. 2) .
More recently, molecular biology has allowed a more definitive characterization of KAR genes, which are encoded in two related groups (GluR5-7 and KA1-2) distinct from AMPAR genes (GluR1-4). Granule cells are now recognized to strongly express GluR6, GluR7, KA1, and KA2 (14) ; however, as subunit-specific antibodies are still unavailable, it remains unclear which subunit or combination of subunits is targeted to stratum lucidum to generate the observed high-affinity binding.
KARs Directly Depolarize Mossy Fibers
Application of low concentrations of kainate (50 nM-500 nM) increase the amplitude of the extracellularly recorded compound action potential, the mossy fiber volley (Fig. 3 A and B , see also Fig . 5B) (15, 16) . With higher concentrations the increase is quickly followed by a decrease in the amplitude of the fiber volley. These effects are mediated by KARs because they are observed in the presence of GYKI 53655, an AMPAR-selective antagonist, but are blocked by 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), an AMPAR͞KAR antagonist and SYM2081, a KAR antagonist. These changes were not accompanied by a rise in extracellular K ϩ that could account for the effects (16) . Moreover, blockade of Ca 2ϩ channels or removal of extracellular Ca 2ϩ had no effect on the kainate-mediated change in the fiber volley, indicating that the effect was not secondary to the Ca-dependent release of an intervening modulatory substance (15, 16) . Thus kainate appears to be acting directly on KARs of high affinity that are present on mossy fibers. The action of kainate is most likely caused by the well-established ionotropic action of KARs because both the increase and decrease in fiber volley amplitude are mimicked by the application of elevated potassium (16) . Furthermore, the effects on the fiber volley are associated with an increase in the excitability of the mossy fibers, so that stimuli that were just at threshold for activating antidromic spikes in single granule cells became suprathreshold during the application of kainate ( Fig. 3 C and D) (15, 16) . The increase in the fiber volley may occur as a result of spike broadening in the individual fibers, as well as an increase in the number of activated fibers. The decrease is presumably caused by sodium channel inactivation. Interestingly, low concentrations of kainate, which had no effect on the membrane properties of either the granule cells or CA3 pyramidal cells, still increased the fiber volley. Thus the presynaptic receptors appear to be of higher affinity than those expressed on the CA3 pyramidal cells (17, 18) , and the granule cells must preferentially target the high-affinity receptors to their axons.
Synaptically Released Glutamate Activates Presynaptic KARs
Given that mossy fiber synapses release glutamate, one might expect that synaptically released glutamate also could gain access to these presynaptic autoreceptors. To test for this possibility, two stimulating electrodes were placed in the granule cell layer to activate two independent sets of mossy fibers and an electrode, placed in stratum lucidum, was used to monitor the fiber volley (Fig. 4A1) . A brief tetanus to one electrode enhanced the fiber volley evoked by the second stimulating electrode, when the stimulus was delivered 50 ms after the tetanus (Fig. 4 A2 and B) (16) . Because this experiment was carried out in the presence of GYKI 53655 and the enhancement in the fiber volley was completely blocked by CNQX, the enhancement is caused by the activation of KARs, suggesting that glutamate can spread heterosynaptically to achieve activation of presynaptic KARs similar to that caused by low doses of kainate.
Kainate Has Biphasic Effects on Mossy Fiber Synaptic Transmission
To examine the possible effects that activation of these presynaptic receptors might have on synaptic transmission, several groups have examined the effects of KAR activation on glutamatergic excitatory postsynaptic currents (EPSCs) evoked by mossy fiber stimulation (15, 16, 19, 20) . Application of kainate at concentrations greater than 200 nM caused a large depression in synaptic transmission, an observation in accord with previous results at other excitatory synapses (6, 7, 21) . This depression is apparently presynaptic, as it is associated with changes in short-term plasticity and a reduction in the number of quanta released (20) .
The subunit composition of the KARs underlying this depression has been considered. The GluR5-selective agonist, (RS)-2-amino-3-(3-hydroxy-5-tbutylisoxazol-4-yl)propanoic acid (ATPA), has been reported to cause a similar depression, and GluR5-selective antagonists block the depression (19) . These results suggest that the presynaptic KARs contain GluR5, a surprising result in light of the low expression of this subunit in granule cells (14) . However, it has been found that the depressant action of ATPA is accompanied by intense excitation of GABAergic interneurons, which then release GABA (16) . Blockade of metabotropic GABA B receptors substantially reduces the depressant action of ATPA on mossy fiber EPSCs, suggesting the depression induced by ATPA is the indirect result of GABA release caused by GluR5-containing KARs on interneurons; in contrast, a depressant action of kainate on mossy fiber EPSCs persists in the presence of GABA B receptor antagonists (16) . Moreover, the kainateinduced depression is absent in mice lacking the GluR6 subunit, but not the GluR5 subunit, suggesting that KARs containing GluR6 mediate the depression caused by kainate (20) . It therefore seems likely that the presynaptic KARs on dentate granule cells contain GluR6, consistent with expression data, whereas GluR5-containing KARs on interneurons can indirectly depress release at mossy fiber synapses through activation of metabotropic GABA B receptors.
In further studies, the effect of lower concentrations of kainate have been examined, because concentrations as low as 50 nM have effects on the fiber volley. Low concentrations of kainate actually enhance synaptic transmission, both of the AMPAR EPSC and the N-methyl-D-aspartate (NMDA) EPSC (Fig. 5A ), even at concentrations below those affecting the fiber volley (22) . This enhancement is caused at least in part by an increase in transmitter release because it is associated with a decrease in paired pulse facilitation and the magnitude of the enhancement is the same for the AMPAR and NMDA receptor (NMDAR) EPSCs. This presynaptic action is blocked by CNQX, indicating the involvement of KARs. A detailed analysis of the doseresponse characteristics of the action of kainate indicates that low concentrations of kainate (20 and 50 nM) enhance and high concentrations depress transmitter release (Fig. 5B) . Interestingly, at a concentration of 500 nM kainate still enhances the fiber volley but strongly depresses transmission. A virtually identical dose-response biphasic action on the fiber volley and synaptic transmission is seen with elevated potassium (Fig. 5B) , strongly suggesting that all of the effects of kainate can be explained by an ionotropic depolarizing action of kainate on the mossy fibers (22) .
Presynaptic KARs Contribute to Mossy Fiber Short-Term Plasticity
The finding that low concentrations of kainate actually enhance synaptic transmission, and that synaptically released glutamate can activate these presynaptic receptors, raises the possibility that these receptors may normally exert a positive feedback on transmitter release. This possibility was examined in mice lacking GluR6. Mossy fiber synapses undergo a remarkably large facilitation during the second of two stimuli spaced closely together (20 -40 ms). Although initial studies found no change in this paired-pulse facilitation in GluR6-deficient mice (23), a subsequent comprehensive analysis showed that this facilitation is dramatically reduced in GluR6-deficient mice (24) (Fig. 6) . Similarly, application of CNQX, in the continued presence of GYKI 53655, caused a large reduction in the facilitation seen with brief trains of stimuli at 25 Hz and 100 Hz, without affecting the size of the first EPSC in the tetanus (22) . These results indicate that the enhancement is well established within 10 -20 ms of synaptic activation. This enhancement is not only rapidly established, but also slow to decay. Increasing the rate of stimulation from 0.05 Hz to 0.33 Hz causes approximately a doubling in the size of the NMDAR EPSC in GYKI 53655. This frequency facilitation is substantially reduced by CNQX (Fig. 7) , indicating that KARdependent enhancement lasts for seconds. Frequency facilitation is also clearly reduced in the GluR6, but not GluR5, knockout mice (24) .
The facilitation is not restricted to the activated synapses, but can spread to neighboring synapses. Brief tetani applied to the neighboring associational͞commissural synapses can evoke a heterosynaptic enhancement in synaptic transmission of mossy fiber synapses, an effect that is caused by activation of KARs (Fig. 8) (22) . As low concentrations of kainate enhance transmission and higher concentrations depress it, a more robust tetanus might be predicted to achieve stronger activation of these KARs and thereby cause a depression of synaptic transmission, and in fact this has been observed ( Fig. 8) (22) . Thus, as is the case with bath application of kainate, the synaptic release of glutamate can cause a bidirectional modification of mossy fiber synaptic transmission.
KARs May Be Involved in Mossy Fiber Long-Term Potentiation (LTP)
Mossy fiber synapses undergo an unusual form of activitydependent LTP that is expressed presynaptically. The induction of mossy fiber LTP is widely agreed to be independent of NMDAR activation, but whether KARs are involved is controversial. Several studies have found that mossy fiber LTP could be elicited even in the presence of AMPAR͞KAR antagonists ( Fig.  9 A and B) (25) (26) (27) (28) (29) (30) , which would argue against the involvement of KARs. However, agreement over these results has not been universal (31, 32) , and a recently developed antagonist of the GluR5 subunit has been reported to block mossy fiber LTP (Fig.  9C) (33) . Deepening the controversy, a subsequent study found that mossy fiber LTP is unimpaired in mice lacking the GluR5 subunit, but is reduced in mice lacking GluR6 (Fig. 9D) (24) . A reconciliation of all of these results is presently lacking. However, as GluR6-containing KARs play an important regulatory role in short-term plasticity (see above), it seems plausible that these receptors could influence coupling between the tetanic mossy fiber LTP induction protocol and presynaptic activation. Further experiments to elucidate the possible roles of KARs in mossy fiber LTP will be of interest.
Conclusions
The hippocampal mossy fiber pathway has proved to be an ideal system for studying the properties of presynaptic ionotropic neurotransmitter receptors. In particular, based on autoradiographic anatomical evidence (12, 13) , it is well accepted that the kainate subtype of ionotropic glutamate receptor is present on mossy fibers. It has been shown that kainate, acting directly on these KARs, affects the extracellularly recorded fiber volley in a manner consistent with a depolarization of the fibers (15, 16) . Importantly, these presynaptic receptors can be activated by the synaptic release of glutamate, not only from mossy fiber synapses, but also from the neighboring associational͞commissural synapses (15) . Activation of these presynaptic KARs has complex effects on synaptic transmission, which appears to depend on the degree to which the receptors are activated. Early studies reported a depression in mossy fiber synaptic responses when these receptors were activated by the application of agonists (15, 16, 19, 20) . Further studies revealed that more modest activation of these receptors actually enhances synaptic transmission (22) and that this effect contributes importantly to the paired pulse facilitation and frequency facilitation, two prominent features of mossy fiber synapses (22, 24) . It remains unclear whether or not KARs are involved in mossy fiber LTP.
A number of questions remain unanswered. Where are the presynaptic receptors located? Are they localized at the synapse or are they distributed throughout the length of the axon, as appears to be the case for the spinal primary afferent C fibers (11) ? What is the mechanism by which the presynaptic receptors control transmitter release? Can it be explained entirely by the ionotropic action of these receptors? If so, what Synaptic activation of presynaptic KARs can both enhance and depress mossy fiber synaptic transmission. (A1) Schematic drawing of the experimental setup. A set of mossy fibers (stim-test) was stimulated, as was an independent set of associational͞commissural fibers (stim-cond). The associational͞commissural fibers were stimulated repetitively (3 or 10 pulses at 200 Hz) to release glutamate, whereas the mossy fiber responses were used to test the effects of synaptically released glutamate. (A2) In the presence of GYKI 53655, mossy fiber NMDAR-EPSCs were examined without conditioning (Left), after strong conditioning (10 pulses, Center), and after weak conditioning (three pulses, Right). Strong conditioning depresses the EPSC, whereas weak conditioning enhances it (Upper). advantages does an ionotropic action have over the more direct and better characterized metabotropic neurotransmitter action? How might the depolarization of the terminal modify transmitter release or aid in the induction of long-term plasticity? It has been postulated that the enhancement of mossy fiber transmission observed with modest receptor activation may be caused by inactivation of repolarizing potassium channels secondary to small levels of depolarization, whereas the depression may occur as a consequence of a large depolarization and the inactivation of sodium channels (22) . The ability to record directly from mossy fiber boutons (34) now makes it possible to directly examine the mechanisms underlying the action of these presynaptic KARs.
